INTRODUCTION
The real crossing points between the genome and the proteome of an organism are transcription factors (TFs). They are much more than simple sequence-specific proteins bound or not on conserved cis-regulatory sequences in gene promoters/enhancers (1) . Indeed, these factors are responsible for the fine coordination of gene expression by modulating chromatin accessibility, general transcriptional machinery recruitment and also for coordinating interplays between transcription and other nuclear processes such as DNA repair or RNA processing and stability (2) . However, despite the importance of deciphering such complex regulatory mechanisms, systematic identification of DNA-protein interactions occurring on regulatory regions of interest is still challenging.
In spite of recent progresses due to the development of chromatin immunoprecipitation (ChIP)-based methods such as ChIP-Seq, allowing genome-wide analysis of all the DNA sequences bound by a protein of interest (3, 4) , methods identifying proteins that interact with a sequence of interest are still poorly developed. Indeed, in silico analysis of the sequence of interest allows the prediction of putative binding sites for TF based on the comparison with consensus-binding sites contained in TF databases such as TRANSFAC (5) or JASPAR (6) . However, the results are limited to database-contained TF, highly depend on the algorithm used, do not take into account binding site context like flanking sequences and chromatin organization (7) . Thus, they generate a very large number of candidates among which many false positives occur (8) . The selection of relevant candidates to validate by classical and time-consuming approaches, including DNA-binding assays, ChIP or reporter-based assays, is therefore uncertain.
The past decades have witnessed the progressive development of DNA-affinity approaches combining the capture of DNA-binding proteins on oligonucleotide probes fixed on a chromatographic support followed by the identification of captured proteins by mass spectrometry (MS) (9) (10) (11) . Such approaches, although quite simple in their principle, are really challenging for essentially two reasons. First, most transcriptional regulators are of low abundance when compared with the bulk of other nuclear proteins. This problem of dynamic range makes critical the efficiency of the capture and the sensitivity of the MS-based identification process. Second, number of proteins, some of them of high abundance, is unspecifically captured by the negatively charged oligonucleotide probe and/or by the chromatographic support. Although different strategies have been proposed to improve the specificity of the DNA-affinity capture, such as prefractionation of nuclear extracts (NE) on successive columns prior to the DNA-affinity purification (12) (13) (14) or use of DNA competitors or detergents added before and during binding step (9, 15) , the major drawback of such strategies is the non-negligible risk to lose weak specific interactions (16) . Separation of DNA/proteins complexes from the solid support before protein identification is another way to limit contamination of the results by proteins trapped by the solid support (17) . Despite such improvements, relevant identified proteins are still embedded in large amounts of unspecifically bound proteins. Therefore, current DNAaffinity methods are mostly used to compare proteins captured by a short wild-type DNA sequence to those captured by the same sequence in which the binding site of interest has been mutated, providing a list of proteins to subtract (11, 18) . This principle has been successfully implemented using quantitative proteomics based on isotopecoded affinity tag (ICAT) (19) (20) (21) (22) or stable isotope labeling by amino acids in cell culture (SILAC) (23) methodologies, a powerful strategy to identify the TF selectively captured by a specific binding site. Although efficient, this strategy is not fully compatible with an unbiased identification of the entire set of proteins interacting with a relatively large DNA sequence like a core promoter.
In this article, we describe an improved DNA-affinity method allowing the one-step identification of an unbiased large set of transcriptional regulators interacting with a relatively long capture probe (over 200 bp), that could correspond to a core promoter interactome. This was made possible by an efficient separation procedure of the protein/DNA complexes from the solid support, by an adapted chromatographic separation of the complex peptide mixture and by a specific MS analysis focused on the identification of low abundant proteins. The proof of concept of this method was made for the analysis of a fragment of the human immunodeficiency virus (HIV)- 1 5 0 long terminal repeat (LTR), a DNA sequence that contains numerous TF-binding sites. Although this is probably one of the best studied regulatory DNA sequence (24) , using this approach, several TF/ regulators that were not known to interact with the HIV-1 5 0 LTR were identified. Among them, we identify myeloid ectopic viral integration site (Meis) that functionally interacts with and down-regulates the transcription of a HIV-1 5 0 LTR-luciferase construct.
MATERIALS AND METHODS

Cell culture and nuclear extract preparation
HeLa cells (human epithelial cell line, ATCC CCL-2) were grown in Dulbecco's modified eagle medium (DMEM) high glucose (Gibco) supplemented with 10% foetal bovine serum (FBS). The T-lymphoid Jurkat cell line (ATCC TIB-152) was cultured in Roswell Park Memorial Institute (RPMI) 1640 medium (Gibco) supplemented with 10% FBS. Nuclear protein extracts were obtained from unstimulated or interleukin (IL)-1b-stimulated (5 ng/ml during 45 min) HeLa cells were isolated as previously described (25) . Protein concentrations were determined using the Pierce 660 nm protein assay (Thermo).
Plasmids
The pLTRwt plasmid containing a fragment of the HIV-1 5 0 LTR (corresponding to nt 1-789 where nt 1 is the start of the 5 0 LTR U3 region) upstream of the Firefly luciferase gene and the pLTR*kB mutated for two NFkB-binding sites were previously described (26) and generously given by Prof. C. Van Lint (IBMM, ULB, Belgium). The pLTRwt was used as a template to generate the pLTR*Meis mutant variant using the QuikChange site-directed mutagenesis kit (Stratagene) following the recommendations of the supplier. The point mutation was introduced in the Meis putative binding site with the following pair of primers: Fw: 5 0 -GTGTTAGAGTG GAGGTTTCACAGCCGCCTAGCATTTC-3 0 and Rv: 5 0 -GAAATGCTAGGCGGCTGTGAAACCTCCACTC TAACAC-3 0 in which the Meis putative binding site is underlined and the introduced mutation is highlighted in boldface. The mutation was confirmed by sequencing.
Capture probe production and DNA-affinity approach A 226-bp-long desthiobiotinylated double-stranded oligonucleotide corresponding to a fragment of the HIV-1 5 0 LTR (nt 229-455, where nt 1 is the start of the 5 0 LTR U3 region) was produced by polymerase chain reaction (PCR) using pLTR plasmid as template and the following pair of primers: Fw: 5-TGGATGACCCTGAGAGAG AA-3 0 and Rv: 5 0 -CCAGTACAGGCAAAAAGCAG-3 0 . These primers were modified to allow a reversible immobilization of the capture probe to streptavidincoated magnetic beads (by adding a 5 0 -desthiobiotin moiety on the forward primer) and to estimate the probe binding efficiency on beads (Cy3-labelled reverse primer). To eliminate excess of free desthiobiotinylated primers after oligonucleotide amplification, the PCR product was purified using the Wizard SV Gel and PCR clean-up system (Promega). Using the pLTR*kB as a template, a 226-bp-long capture probe mutated for two NFkBbinding sites was also produced. In order to study specific protein interactions at the level of the Meis-1 putative binding site, two 101-bp-long capture probes centered on this site (nt 229-330) were also produced using the following pair of primers: Fw: 5 0 -TGGATGA CCCTGAGAGAGAA-3 0 and Rv: 5 0 -GCAGTTCTTGA AGTACTCCG-3 0 and pLTR or pLTR*Meis as template for a wild type or a mutated version of the Meis-centred capture probe, respectively. 20 pmoles of capture probe in a final volume of 100 ml of phosphate buffered saline (PBS) 50 (10 mM PO4 pH 7.4, 50 mM NaCl) were incubated for 1 h at 21 C on a rotary wheel with 1 mg of streptavidin-coupled magnetic beads (Dynabeads M-280 Streptavidin, Dynal) that have been prior equilibrated with six successive washes (200 ml of PBS 50 ). Three washes with PBS 50 were then performed in order to eliminate unbound desthiobiotinylated oligonucleotides prior to the incubation with proteins. An equivalent of 1 mg of NE was pre-incubated for 15 min on ice with 1.5Â volume of binding buffer [4 mM Hepes, pH 7.5, 120 mM KCl, 8% glycerol, 2 mM dithiothreitol (DTT), salmon sperm DNA (0.166 mg/ml), PolydIdC (0.166 mg/ml)] and then incubated with beads for 1 h at 21 C on a rotary wheel. Magnetic beads were then extensively washed: once with 500 ml of binding buffer, three times with 1 ml of PBS 50 +0.1% Tween20 and twice with 50 mM NH 4 HCO 3 . In order to separate the DNA-protein complexes from beads, beads were re-suspended in a biotin-containing solution (30 ml of 5 mM biotin in 50 mM NH 4 HCO 3 ) and incubated for 2 h at 21 C on a rotary wheel. Supernatant was containing the DNAproteins complexes were then collected. Eventually, beads were washed with 10 ml of 5 mM biotin and both supernatants were combined.
Proteins bound to capture probes were next prepared for tryptic digestion. Proteins were boiled 5 min with PPS (3-[3-(1,1-bisalkyloxyethyl)pyridin-1-yl]propane-1-sulfonate) Silent Surfactant (Protein Discovery; 0.8 % final concentration), reduced for 30 min at 50 C with DTT (Sigma; 5 mM final concentration) and then alkylated for 30 min in dark using iodoacetamide (15 mM final concentration). Samples were then digested overnight at 37 C with 1.8 ml of trypsin (1 mg/ml in 50 mM NH 4 HCO 3 , 1 mM CaCl 2 ; Trypsin Gold, Mass Spectrometry Grade; Promega). After digestion, samples were incubated for 30 min at 21 C on a rotary wheel in the presence of fresh streptavidin-coupled magnetic beads (600 mg) that have been prior equilibrated with four successive washes with PBS 50 followed by two washes of 50 mM NH 4 HCO 3 . Once the excess of free biotin has been captured and prior to MS run, samples were acidified by adding 1 ml of 12 N HCl and PPS detergent was hydrolysed by a 45-min incubation at 37 C followed by 10 min of centrifugation (13 000 RPM) at 4 C.
Liquid chromatography/tandem mass spectrometry analysis and protein identification
Peptide analyses were performed on a nano-liquid chromatography (LC) system Ultimate 3000 (Dionex) directly coupled to a maXis 4 G electrospray Ultra-High Resolution Q-TOF mass spectrometer (Bruker). Peptides were separated at 60 C by reverse-phase LC using a 75 mm Â 500 mm C18 Dionex column (Acclaim PepMap 100 C18) in the Ultimate 3000 LC system. Mobile phase A was 0.1% formic acid in water. Mobile phase B was 0.1% formic acid in 80% acetonitrile. For each run, 15 ml of the digest product was injected and the organic content of the mobile phase was linearly increased from 4% B to 40% during 150 min, from 40% B to 90% B for the next 5 min, maintained at 90% B for 5 min and then decreased at 4% B for the last 25 min. The column effluent was connected to an electrospray ionization (ESI) nano Sprayer (Bruker). As the peptide mixture was complex and presented a high dynamic range, the complete analysis was composed of two successive runs. For the first one, a scheduled precursor list (SPL) was generated on the basis of the most abundant ions sequenced. During the second run, SPL ions were excluded to allow the mass spectrometer to be more focused on less abundant ions. Peak lists from both runs were generated using DataAnalysis 4.0 (Bruker) and saved for use with ProteinScape 2.1 (Bruker) with Mascot 2.2 as search engine (Matrix Science). The peak lists were searched against a decoy database obtained from the mammalian National Center of Biotechnology Information (NCBI) database. For each protein identification, a false-positive rate (FPR) was determined, corresponding to the number of decoy entries/total number of protein entries in the list. Peptide sequences were accepted if the peptide Mascot score was >20 (15 for the differential DNA-affinity capture with the Meis-centred capture probe). Protein identification was accepted if the FPR was <1% otherwise if the protein Mascot score was >60. Protein identification was further analysed and manually verified by using ProteinScape 2.1.
Cell transfection and luciferase reporter assays
HeLa cells were transiently co-transfected with 0.9 mg of Firefly luciferase reporter plasmid (pLTRwt or pLTR*Meis) and 0.1 mg pCMV-bgal (for transfection efficiency normalization) using Superfect (Qiagen) following the manufacturer's instructions. Cells were seeded 1 day before transfection at 70 000 cells/well in 12-well plates. The DNA/Superfect ratio was 1/2 (mg/ml). Twenty-four hours post-transfection, cells were stimulated or not with IL-1b (5 ng/ml) for an extra 24 h. Luciferase reporter assay (Promega) was performed, as well as b-galactosidase activities to normalize luciferase activities.
For Meis-1 knockdown assays, small interfering RNA (siRNA) transfection of HeLa cells was performed with Oligofectamine (Invitrogen) following the manufacturer's instructions 24 h before the DNA transfection. ON-TARGET plus SMARTpool siRNA against human Meis-1 (Thermo, L-011726-00) and ON-TARGET plus non-targeting pool (Thermo) were used at the final concentration of 50 nM. Efficient knockdown after siRNA transfection was confirmed after 24 h at the protein level by western blot using goat polyclonal antibodies against Meis-1/2 (Santacruz).
Jurkat cells were transiently co-transfected with 0.45 mg of the Firefly luciferase reporter plasmid (pLTRwt or pLTR*Meis) and 0.05 mg pRenillaLuc-TK (for transfection efficiency normalization) using Jurkat Trans-IT (Mirus) according to the manufacturer's instructions. Cells were seeded the day of transfection at 300 000 cells/well in 24-well plates. The DNA/Jurkat Trans-IT agent ratio was 1/2.5 (mg/ml). Twenty-four hours post-transfection, cells were stimulated or not with IL-1b (5 ng/ml), TNFa (10 ng/ml) or PMA (25 ng/ml)+ionomycin (500 nM). After 24 h of treatment, transfected cells were lysed and luciferase activities were measured using the dual luciferase reporter assay kit (Promega). Firefly luciferase activities were normalized for the Renilla luciferase activities. All assays were performed in three independent experiments containing triplicates and results were presented as means ± SD, and differences were statistically analysed by a Student's t-test (P values are indicated in the figure legends).
RESULTS
Unbiased proteomic analysis of proteins interacting with a DNA sequence: proof of concept DNA-affinity capture As a proof of concept for this method, a 226-bp-long sequence of the HIV-1 5 0 LTR was used as a model capture probe. This sequence covers the core promoter, the enhancer and a short fragment of the modulatory region of the HIV-1 5 0 LTR. This well-described promoter can be activated or repressed by the binding of several cellular TF (27, 24) .
Streptavidin-coated magnetic beads were first chosen to immobilize the biotinylated DNA capture probe. Nevertheless, the identification of proteins captured by this complex revealed exclusively unspecifically bound proteins (mainly bovine serum albumin and actin; data not shown), demonstrating the necessity to dissociate the DNA-protein complex from the solid support as suggested by Praseuth and co-workers (17) . We therefore took advantage of the reversibility of the desthiobiotin/ streptavidin interaction (28) . The same DNA sequence, amplified by PCR using a desthiobiotinylated forward primer and a Cy3-labelled reverse primer, was immobilized on streptavidin-coated beads and then displaced from the beads by an excess of biotin. The yields of the oligonucleotide captured by magnetic beads and of the recovery in the presence of biotin were quantified by measuring the Cy3-associated fluorescence. The binding efficiency in optimized conditions represents 60% and this yield could not be increased by higher amounts of oligonucleotide. However, the recovery yield after displacement in the presence of a free biotin excess is total, allowing an efficient recovery of the DNA-protein complexes before MS analysis (data not shown). Recovery using restriction enzyme or photocleavable biotin-based methods was also tested but gave lower recovery yields (data not shown).
Protein separation and identification
Identification of proteins interacting with a relatively long DNA sequence is of great biological interest but represents a technical challenge, as it requires the analysis of a complex mixture of peptides generated by the digestion of many proteins for which abundance might be distributed on a high dynamic range. Current progress in nano-LC-tandem mass spectrometry (MS/MS) encouraged us to choose a gel-free approach rather than a one-or two-dimensional electrophoresis protein separation that might suffer from poor detection of low abundant proteins (29) . Proteins purified by DNA affinity were digested with trypsin. Of note, in-solution trypsic digestion had to be improved as regular digestion protocols generated incompletely digested proteins (data not shown). The complex peptide mixture obtained underwent a long reverse-phase chromatography separation before being sequenced by MS (Figure 1 ). To cope with the problematic large dynamic range between highly abundant non-specifically bound proteins and potentially low abundant transcriptional regulators, MS/MS analysis was adapted to proceed in two successive runs for each sample. Raw data from the first run, largely composed of peptides from abundant bound proteins, were used to generate a SPL. This list contained the most abundant peptides sequenced during the first run and was then used as a peptide exclusion list during the second run to specifically focus on the sequencing of low abundant peptides. Peptides sequenced from both runs were then merged to proceed to protein identification.
Identification of the TF NFjB captured by the HIV-1 5
0 LTR sequence The process described above and illustrated in Figure 1 was first applied, as a proof of concept, to identify a TF previously reported to bind the HIV-1 5 0 LTR sequence. We chose NFkB as the HIV-1 5 0 LTR sequence contains two distinct kB-binding sites essential for efficient HIV-1 transcription (30) . Although the NFkB family contains several members (p105/p50, p100/p52, c-Rel, RelB and RelA) (31), the p50/RelA heterodimer is the most common transcriptionally active form described to interact with the HIV-1 5 0 LTR (32). NFkB is a TF sequestered in the cytoplasm in most resting cell types, which can be activated and translocated in the nucleus after cell stimulation with IL-1b, among others (33) . Thus, comparing NE prepared from unstimulated and IL-1b-stimulated cells provides conditions for differential binding of NFkB to the HIV-1 5 0 LTR. The NFkB family members identified in these conditions are listed in Table 1 . In NE from unstimulated cells, p50 is the only NFkB member captured by the probe and identified. This is consistent with the repressive role of p50 homodimer, due to the lack of a transactivation domain, known to contribute to viral latency (34) . By contrast, after stimulation with IL-1b, various peptides corresponding to different proteins belonging to the NFkB family were identified. The large number of peptides sequenced for p50 and RelA suggests that these proteins are the most abundant NFkB-family members captured by the probe, but it is not surprising to find peptides of c-Rel and p52 members, which are also expressed in HeLa cells (35) . The specificity of this interaction was assessed by using a capture probe with NFkB-mutated binding sites (26) . Indeed, when the mutated capture probe was incubated with NE prepared from IL-1b-stimulated HeLa cells, no peptides of any NFkB-family members were identified among proteins captured, confirming the specificity of the assay.
In-depth analysis of proteins that directly or indirectly interact with a fragment of the HIV-1 5
0 LTR
This analysis aims to depict the most general picture of the proteins bound to a DNA sequence of interest, in a completely unbiased approach, in order to identify putative new interacting partners. The analysis of relatively long DNA sequences implies dealing with a large number of proteins, requiring a rigorous step-by-step data processing, detailed in Supplementary Figure S1 . This analysis process takes into account the FPR, the quality of the sequencing (indicated by a minimum Mascot score), the redundantly identified proteins with several names and the technical contaminants previously defined by a ''blank'' experiment consisting of a MS identification of proteins captured during the complete procedure by oligonucleotide probes incubated without any NE (Supplementary Table S1 ). For instance, for one biological sample, 79 proteins were finally considered, out of 259 initially identified candidates listed in the raw data.
Eventually, to reinforce protein identification resulting from the purification process, sets of data were accumulated from a minimum of three independent biological replicates. In this study, all the identified proteins captured by the 226-bp-long HIV-1 5 0 LTR were pooled in a global list and proteins identified only once were not considered. A total protein number of 125 was generated after this global data treatment (111 identified proteins from unstimulated samples and 117 from IL-1b-stimulated samples). According to Uniprot general protein annotations and to information from the literature, proteins identified from both experimental conditions were further classified into four categories based on their functions, specifically, transcription-related proteins, nucleic acid-binding proteins without described implication in transcription, proteins without any reported nuclear function and proteins with unknown function. As shown in Figure 2 , a large majority of identified proteins might be implicated in the regulation of transcription. Detailed list of other identified proteins is available in Supplementary Table S1 .
We focused our attention on identified TF trapped by this promoter sequence (Table 2 ). For half of them, an interaction with the HIV-1 sequence has already been described in the literature ( Figure 3A) . This is the case for previously discussed NFkB family members (c-Rel, p105/p50, p100/p52 and RelA) and also for three members of the upstream stimulatory factor (USF) family (36) , the activating enhancer-binding protein-4 (AP-4) (37), the constitutively activated specific protein-1 (Sp1) and -3 (Sp3) (38) , the nuclease-sensitive elementbinding protein 1 (YB-1) (39) and the chicken ovalbumin upstream promoter TF (COUP-TF), described to interact indirectly with this sequence through an interaction with Sp1 (40) . Of note, the HIP116/helicase-like TF has also been reported to interact with HIV-1 5 0 LTR sequence (41) and was identified by MS in three of the six samples analysed, although the identification did not fit to the MS validation criteria adopted in this study. These results support the efficiency of this strategy.
Moreover, an in silico analysis of the capture probe sequence, using bioinformatics parameters minimising false negatives, reveals the presence of putative binding sites (Supplementary Table S2 ) for several other identified TF. That is the case for two homeodomain-containing proteins, the Meis and the pre-B-cell leukaemia TF 1 (PBX1) (Figure 3A) , the oestrogen-related receptor alpha (ERR1), the MYC-associated factor (MAX) and two of its potential partners (the MAX gene-associated protein, MGA and the MAX dimerization protein 3, MAD3), the class E basic helix-loop-helix protein 40 (DEC1) and the nuclear factor 1 X-type. Furthermore, Kru¨ppel-like factors (KLF-16 and KLF-5) and the circadian locomoter output cycles protein kaput (Clock) could, respectively, interact with GC-boxes and E-boxes present on the capture probe. Only the identification of the endothelial differentiation-related factor 1 (MBF1) could not be explained by the presence of a putative binding site in the sequence analysed. However, this TF is also known to act as a bridging factor between Tata-binding proteins (TBP) or TBP-associated proteins and several TFs belonging to the basic leucine zipper family or to the nuclear receptor family (42) (43) (44) .
The identification of a relatively large number of proteins-38-known to participate in the regulation of gene expression by indirect interactions with DNA (Supplementary Table 3) suggests that this method of DNA-affinity purification of interacting proteins can not only be used to identify the TFs involved in the expression 0 LTR (nt 229-455) was used as a capture probe and incubated in the presence of nuclear extracts from unstimulated or IL-1b-stimulated HeLa cells. LC-MS/MS data were compared by Mascot to a decoy database and only identified proteins with a false-positive rate <1% otherwise a Mascot score >60, were accepted. Each experimental condition was reproduced independently three times. Identified proteins from negative control analysis (''blank'') or identified proteins present only in one of the six analyses were subtracted from the total number of identified proteins. A fragment of the HIV-1 5 0 LTR (nt 229-455), wild-type or mutated for two NFkB-binding sites, was used as a capture -probe and incubated in the presence of nuclear extracts from unstimulated or IL-1b-stimulated HeLa cells. LC-MS/MS data were compared by Mascot to a decoy database and only identified proteins with a false-positive rate <1%, otherwise a protein Mascot score >60, were accepted. SC represents the percentages of sequence coverage for each identified protein. (49, 50) , or some members of the DEAD-box RNA helicases, enzymes involved in RNA metabolism but recently identified as RelA co-activators (51, 52) . However, while RelA has only been identified in the IL1b-stimulated condition, as expected, these potential co-activators for RelA were identified in both stimulated and unstimulated conditions. This might be explained by the fact that most co-regulators, if not all, are able to interact with multiple TF, some of them being listed in Table 2 . This is the case for Ref-1, which can also interact with YB-1 (53) and for DNA-PK, able to transactivate USF proteins. What is known and already reported about the role/ function of these 38 proteins in the HIV-1 transcriptional regulation and/or their interactions with other identified proteins (co-regulators or other proteins in regulatory complexes) has been non-exhaustively synthesized (Supplementary Table S4 ). Interestingly, several members of the Sin3A co-repressor complex have been identified: the paired amphipathic helix protein Sin3A, the histone-binding protein RBBP7 and the histone deacetylase 1 (HDAC1) involved in the epigenetic control of HIV-1 latency (54). This suggests that the method used might allow the formation of protein complexes on the capture probe, as well as their identification.
As shown by the identification of a remarkable number of transcription-related proteins, this newly developed method can be used as a starting point in the study of an unknown promoter sequence in order to identify new putative transcriptional regulators. However, these candidates must be validated to confirm the direct or indirect DNA interaction and to address their biological effect on promoter activity. 
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0 (56,57). Finally, as shown in Table 2 , if PBX1 was identified in both stimulated and unstimulated conditions, the identification of Meis seemed to be limited to the IL-1b treatment. Even if based on only few sequenced peptides, this observation suggested a differential Meis recruitment after IL-1b stimulation.
To functionally characterize the TGACAG Meis putative binding site on the viral promoter activity, transactivation assays were performed in HeLa cells, stimulated or not with IL-1b, to compare the luciferase activities of a Luc-reporter gene driven by either the wild-type HIV-1 5 0 LTR sequence or a variant containing a critical point mutation in the Meis putative binding site ( Figure 4A ). This point mutation was previously described to significantly decrease the DNA binding of Meis on the Pax6 pancreatic enhancer sequence (58) . As shown in Figure 4B , a significant up-regulation of the promoter activity was observed in the presence of the mutated Meis-binding site, in both unstimulated and IL-1b-stimulated HeLa cells, suggesting a repressive influence of this site even in basal conditions.
To confirm the role of this Meis-binding site in a more physiologically relevant cell type, transcriptional activities of both constructs were measured in T-lymphoid Jurkat cells treated with IL-1b, TNF-a or PMA/ionomycin. As shown in Figure 4C , although IL-b was without any effect in Jurkat cells on the activation of the pLTRwt, TNF-a and PMA/ionomycin were potent HIV-1 transcription activators in this cell line. As observed in HeLa cells, the presence of the mutation in the Meis putative binding site on the LTR sequence systematically induced an approximated twofold increase in the promoter activity when compared with the wild-type sequence in the corresponding condition.
These results strongly suggest that this sequence, predicted as a putative Meis-binding site by TRANSFAC analysis, could interact with cellular factor(s) acting as transcriptional repressor(s) on the HIV-1 5 0 LTR, even in basal conditions. Although the results obtained by DNA-affinity capture suggest that these TFs could be members of the homeodomain-containing protein family, the exact nature of this trans-repressor complex needed to be confirmed.
Identification of members of the trans-repressor complex that specifically interact with the Meis putative binding site
To further identify proteins involved in the trans-repressor complex interacting with the Meis putative binding site in basal conditions, our analysis was completed by a more classic comparative DNA-affinity approach carried out on shorter capture probes. In this case, a 101 bp-long capture probe centred on the Meis putative binding site and a mutated version were designed ( Figure 3B ) and incubated with NE prepared from unstimulated HeLa cells. Specific interactions with the TGACAG site could then be highlighted by a comparative analysis of results obtained with the wild-type versus the mutated capture probe. Table 3 contains the transcription-related proteins identified in both conditions for three independent biological replicates (in this analysis, proteins identified by only one peptide in only one replicate were not considered). Twenty-seven TF and 35 potential co-regulators, among which, respectively, 17 and 32 candidates, were validated by adopted MS criteria. Confirming the expected homeodomaincontaining proteins implication, PBX1 was exclusively captured by the probe containing the wild-type TGACA G site. It was also the case for Meis1, highlighting the capture of this protein even in basal conditions. This experiment was also performed in the presence of NE prepared from IL-1b-stimulated HeLa cells (data not shown) and, in this case, Meis1 was captured and detected to the same extent than in basal conditions (with an average of 7.6 and 6 sequenced peptides, respectively, for unstimulated and IL-1b-stimulated conditions) suggesting that the Meis differential recruitment observed during the DNA-affinity capture performed with the longer capture probe was probably due to a weak sensitivity.
Very interestingly, it was also the case for several proteins belonging to the Sin3A-HDAC co-repressor complex, specifically the scaffold protein Sin3A, the histone deacetylase HDAC1, the histone deacetylase complex subunit SAP130 and two histone-binding proteins, RBBP4 and RBBP7 (59, 60) . The histone deacetylase complex subunit SAP30 was also identified in two replicates, but this identification was not validated according to MS criteria. Moreover, the TF Rox, also known as the Mnt MAX-binding protein, was also specifically captured by the wild-type probe. This TF, known to act as a key transcriptional regulator of the Myc/Max network, represses transcription by competing with c-Myc for Max-binding and through a well-described direct interaction with Sin3A complex (61, 62) . These results are consistent with the repressive activity associated with this site.
Beyond these interactions specific to the Meis-binding site, several protein identifications (common to both capture probes) complete the results obtained with the long capture probe, confirming expected and also new putative protein interactions with this fragment of the HIV-1 5 0 LTR. For instance, this second DNA-affinitybased analysis confirms Clock and BMAL1 as TF potentially interacting with the HIV-1 5 0 LTR. The BMAL1-Clock heterodimer, generally associated with histone acetyltransferase activity, is a transcriptional activator that can be repressed by DEC1 through competition for the E-box-binding site (63) . DEC1 is also known to repress retinoid X receptor (RXR)-mediated transactivation through direct interaction (64) . Although these TFs are mainly known to be involved in the circadian rhythm control, BMAL1-Clock heterodimers have recently been associated with the transcriptional regulation of the Herpes Simplex Virus 1 (65, 66) .
Meis contributes to repress HIV-1 5 0 LTR-dependent transcription
As our results suggest that Meis1 takes place in a trans-repressor complex interacting with a specific binding site localized in nt 266-271 of the HIV-1 5 0 LTR This assay was performed in three biologically independent experiments and results were presented as means ± S.D. *, **: significantly different from corresponding unstimulated cells as determined by a t-test (unpaired test) with, respectively, P < 0.05 and P < 0.01.+, + +: significantly different from corresponding wild-type reporter construct transfected cells as determined by a t-test (unpaired test) with, respectively, P < 0.05 and P < 0.01. (C) Jurkat cells were transiently co-transfected with wild-type or with a Meis mutant version of a luciferase-linked HIV-1 5 0 LTR promoter construct together with a pRL-TK plasmid. At 24-h post-transfection, cells were stimulated or not with IL-1b (5 ng/ml), TNF-a (10 ng/ml) or PMA (25 ng/ml)+ionomycin (500 nM). Luciferase activities were measured at 48 h post-transfection. The fold change values represent the ratio Luc Firefly /Luc Renilla compared with the ratio obtained for unstimulated cells transfected with the wild-type pLTR construct. This assay was performed in three biologically independent experiments and results were presented as means ± S.D. *, **, ***: significantly different as determined by a t-test (unpaired test) with, respectively, P < 0.05, P < 0.01 and P < *, **: significantly different from corresponding unstimulated cells as determined by a t-test (unpaired test) with, respectively, P < 0.05 and P < 0.01.+, + +: significantly different from corresponding wild-type reporter construct transfected cells as determined by a t-test (unpaired test) with, respectively, P < 0.05 and P < 0.01. sequence, the effect of a selective knockdown of Meis in HeLa cells was evaluated on the HIV-1 5 0 LTR-driven reporter gene activity. Cells were first transfected with a pool of siRNA targeting Meis1, leading to an efficient depletion of both Meis1 and Meis2 isoforms ( Figure 5A ). As shown in Figure 5B , in both basal and IL-1b-stimulated HeLa cells, the Meis knock-down induces a significant up-regulation of the promoter activity, to the same extent than with a mutated Meis1-binding site vector. Even if these results cannot distinguish the specific impact of different Meis1 or Meis2 isoforms, they confirm the central role of Meis in HIV-1 transcriptional regulation through direct binding on a specific binding site on 5 0 LTR and recruitment of different members of the Sin3A repressor complex.
DISCUSSION
Deciphering the transcriptional regulation of a promoter of interest is a tough task considering the long lists of putative TF-binding sites generated by in silico analyses and the absolute necessity to validate each ensued interesting candidate. Although an interesting starting point, in silico analyses are nevertheless restrictive as they are limited to already characterized TF-binding sites and cannot specify the TF family members involved. In addition, they do not take into account the accessibility, or not, of the suggested TF and never give access to the layer of transcriptional regulators indirectly interacting with DNA through the first layer of TF (67) . These drawbacks of in silico analysis have highlighted the crucial need for developing methods to identify proteins that physically interact with DNA-no matter if this interaction is direct or not. Just like ChIP-Seq provides the identity of all the DNA sequences bound by an immunoprecipitated TF, methods combining DNA-affinity protein capture with MS-based protein identification should ideally provide the identity of all the proteins bound to a DNA sequence of interest. However, a major hindrance comes from the fact that DNA can interact with an intricate protein network presenting a high dynamic range between some very low abundant transcriptional regulators and high abundant unspecific DNA-binding proteins. Therefore, most current techniques are focused on a precise binding site present on a short oligonucleotide, for which unspecific background is subtracted thanks to a comparative analysis of the proteins captured by the mutated DNA sequence (20, 21) .
On the contrary, the goal of the method described in this study is to rapidly provide the most complete picture of the endogenous proteins interacting with a relatively long (200-300 bp) DNA sequence, starting from reasonable amounts of material (<2 mg of nuclear proteins). These criteria make this procedure different from other recently published DNA-affinity methods. Indeed, most of them require large amounts of starting material (from 40 mg (13, 20) to 700 mg of nuclear proteins (22)), narrowing the range of biological samples that can be studied by these techniques. In addition, we have preferred a one-step 1D-LC separation of the peptide mixture instead of ''multidimensional protein identification technology''-based strategies (68) requiring laborious and timeconsuming analyses of all generated fractions (19) and increasing the risk to lose low abundant proteins. Finally, this method is completely unbiased as it does not require pre-existing knowledge of the sequence, like the mapping of regulatory binding sites. Indeed, most DNA-affinity-based methods currently used are centred on one binding site, taking advantage of the comparative analysis of the proteins captured by the mutated counterpart of the bait, either in non-quantitative (18, 69) or in quantitative analyses based on metabolic (SILAC) (23) or chemical labelling (ICAT) (70, 22) . Although quantitative data are impressive by their specificity and undoubtedly useful to depict the fine tuning of transcriptional complex regulation, such questions are centred on pre-defined regulatory binding sites, pursuing a different purpose than a large-scale unbiased analysis to identify new putative interactants of a relatively long sequence.
To identify a maximum number of proteins physically interacting with a long DNA sequence, without having the benefit of a comparison with an inactive bait, the main difficulty was inherent to the abundant unspecific protein binding and to the high dynamic range of the analysed peptide mixture. These obstacles were circumvented using an efficient separation step of the DNAprotein complexes from the solid support, avoiding irrelevant support interacting protein identification, and an adapted gel-free LC-MS/MS analysis process that improves the sensitivity of the complex peptide mixture analysis using peptide exclusion lists.
Applying this DNA-affinity method to a well-described 226-bp-long sequence of the HIV-1 promoter region, we identified over a hundred different captured proteins among which >50% have a demonstrated link with transcription. Among the other half of identified proteins, one can notice the presence of many nucleic-acid-binding proteins, including RNA-binding proteins or proteins involved in DNA repair, which might represent contaminant proteins or potential uncharacterized transcriptional regulators (71) . Focusing on transcription-related identified proteins, the unbiased identification of a large number of TFs described to interact with the HIV-1 5 0 LTR sequence gives weight to this approach (Figure 3) , although not all the expected TFs were identified, like the lymphoid enhancer-binding factor 1 (LEF-1) (72) or the ubiquitous Ying Yang 1 factor and the late SV40 factor (32) . The reasons for this might be either biological or technical. From a biological point of view, beside cell type specificities (for instance, LEF-1 has not been described to bind the HIV-1 5 0 LTR in HeLa cells), we have to point out that the capture probe used is a PCR-produced double stranded oligonucleotide, different from an in vivo chromatin environment. An elegant PICh method (for proteomics of isolated chromatin segments), based on the isolation of genomic DNA with its associated proteins, has recently been developed to characterize the in vivo telomere interactome (73) . However, the limited sensitivity of protein identification by MS represents the major restriction of this technique, which is currently limited to study repetitive DNA sequences and requires huge amounts of starting material. In addition, we cannot exclude some technical limitations of the method we developed dealing with an inefficient protein capture possibly due to an incomplete nuclear protein extraction or an unadapted binding or washing conditions (74) , a non-specific binding of some peptides on beads during the biotin removal step or a lack of MS sensitivity for detecting very low abundant peptides in spite of the use of exclusion peptide lists. Of note, some proteins such as KLF-5 were identified on the basis of relatively small number of sequenced peptides, and not in each replicate experiment. As this method involves This assay was performed in three biologically independent experiments and results were presented as means ± S.D. **: significantly different from corresponding unstimulated cells as determined by a t-test (unpaired test) with, respectively, P < 0.01. #, ##: significantly different from corresponding wild-type reporter construct transfected cells as determined by a t-test (unpaired test) with, respectively, P < 0.05 and P < 0.01. +: significantly different from corresponding siNT-transfected cells as determined by a t-test (unpaired test) with P < 0.05.
sequential steps of cell culture, nuclear extract preparation, DNA-affinity purification, trypsin digest and reverse-phase chromatography upstream the MS sequencing, it is essential to repeat the analysis out of several independent biological replicates. Moreover, the candidates that will be selected by the researcher for further functional studies should have been identified on the basis of several peptides sequencing. Beyond the identification of several TFs known to regulate HIV-1, the most interesting data are probably the identification of 12 TFs that are potential new candidates for the regulation of HIV-1 transcription. This was unexpected, considering the large number of studies devoted to this regulatory DNA sequence of the highest pathophysiological interest. An in silico analysis of the sequence indicates the presence of at least one putative binding site for 11 of them. Such results might constitute an interesting starting point for future studies in the field of HIV-1 regulation, like in the case of ERR1, for which this putative novel interaction might explain the reduced HIV-1 promoter activity due to estradiol treatment in glial cells (75) .
We focused our attention on two other interesting candidates, the homeodomain-containing proteins, PBX1 and Meis. Mainly described as homeobox protein (HOX) co-regulators, either co-activators or co-repressors (76), these TFs can also, in a HOX-independent manner, act as homo-(77) or hetero-dimers together (78, 79) or with other homeodomain-and non-homeodomaincontaining TFs (80) (81) (82) (83) . Interestingly, some members of the homeodomain-containing family among which PBX1 were already documented as transcriptional regulators of different viruses such as the herpes simplex virus (83) , the human papillomavirus (84, 85) , the murine Leukemia virus (86) and the human Cytomegalovirus (87) . After an in silico analysis of the sequence (supplementary data), we studied the functionality of the In an attempt to define more precisely the composition of this transcriptional repressor complex, we applied the DNA-affinity technique to a shorter fragment of the HIV-1 5 0 LTR promoter centred on the newly validated Meis-binding site, either wild-type or mutated. The results we obtained confirm the specific capture of Meis-1 by the wild-type probe. In addition, seven proteins that could take place in the mSin3A repressive complex were also identified as specific interactants of this Meis putative-binding site. While, to our knowledge, it is the first time that a Meis-mSin3A interaction is documented, other members of homeodomain-containing TF family like the transcriptional repressor transforming growth-interacting factor (TGIF) can recruit mSin3 and HDAC (89) . Collectively, these results led us to propose in Figure 6 a partial transcriptional interactome surrounding this precise region.
Although the method developed here was initially devoted to conduct a totally unbiased analysis of proteins interacting with a relatively long DNA sequence, it was also successfully applied to a shorter DNA sequence centred on a binding site of interest. This functional ''zoom'' on the promoter interactome, through the comparative analysis of proteins captured by the wild-type versus a mutant sequence, makes the investigation of transcriptional co-regulators more potent, as illustrated by the Meis-dependent recruitment of the Sin3A repressing complex-identified by seven different components. This underlines that this DNA-affinity method can be used to display not only direct DNA-interacting proteins such as TF but also proteins that indirectly interact with DNA. In addition, we have to note that the analyses of a 226-bp sequence or of a 101-bp capture probe (centred on the Meis-binding site) generated lists of, respectively, 52/58 (CTL/IL-1b conditions) and 62 putative interacting transcriptional regulators, pinpointing that this method is still limited to a maximum number of proteins that can be identified, the LC/MSMS analysis being probably the limiting step of the whole process.
In summary, we have described a performant DNA-affinity procedure followed by a gel-free proteomic analysis of the promoter interactome. As a proof of concept, this procedure was applied to a very welldescribed regulatory sequence, the HIV-1 5 0 LTR, providing a list of >50 recognized transcriptional regulators (24 TFs and 38 transcriptional regulators not reported to bind DNA), including expected and unexpected TFs which represent new candidates for the transcriptional regulation of HIV-1. This highlights the strength of a completely unbiased analysis of regulatory DNA sequences. When deciphering the mechanism underlying the transcriptional regulation of a gene of interest, we believe that having a list of putative candidates that physically interact with the DNA sequence, although this list is probably not exhaustive, as for any proteomic analysis, constitutes a great advantage over in silico analyses. Indeed, the candidates that will further be selected for functional validations will have much more chance to be confirmed.
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